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Abstract 
Terahertz image sensors have large potential in time-domain spectroscopy, radio astronomy, security control, communications, 
and biomedical imaging.  
We present a new structure for THz imaging, obtained by the combination of a CMOS photodetector, and a rectennas composed 
by a tapered μ-helix monopole and a rectifying device. The antenna consists in a truncated conical helix extruded from a planar 
spiral and in a nanometric metallic whisker connected to one of its edges. We introduce the new structure together with an 
accurate study of the effect of electric field enhancement and of parasitic elements which affect the overall sensitivity of the 
device. 
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1. Introduction 
Currently the main interest in THz range is the development of low cost, fast, highly sensitive, compact and room 
temperature detectors. The feasibility of rectifying antennas (rectennas) for the detection of freely propagating THz 
radiation has been demonstrated [1]. The radiative part of these devices is typically formed by an antenna that 
focuses the energy of the impinging electromagnetic field into a localized spot called active region, where the 
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rectifying element is placed. The latter produces a continuous current proportional to the energy of the impinging 
electromagnetic wave.  
Nowadays CMOS Image Sensors (CMOS ISs) are predominant electronic devices in the field of digital imaging 
[2]. The photosensitive element of the pixel is the pinned photodiode, i.e. a p-n-p structure constituting the charge 
storage well (SW) dedicated to the photocurrent integration during the exposure time. In the readout cycle the 
integrated charge is transferred to a capacitance (“floating diffusion”, FD) inducing a voltage difference that is 
sampled with a transistor in source follower configuration. The complete charge transfer from photodiode to the 
floating diffusion allows the elimination of the thermal reset noise of the capacitor, referred as kTC noise, by means 
of the correlated double sampling. This property in combination with the extremely low dark current produced by 
pinned photodiode contributes to the high image quality of CMOS IS, due to its very low noise.  
This paper presents a new structure resulting from the integration of a 3D antenna with widely produced 
commercial CMOS image detector. The technological approach described in [3] permits to integrate the three 
dimensional antenna directly on the surface of the chip, by means of MEMS technology, and ensures a very low 
parasitic capacitance, because of the distance between antenna spires and the chip surface.  
The sensitivity of the entire system based on a rectenna relies on the capability of the antenna to focus the electric 
field into the active region. To quantify this capability the field enhancement factor, FE, is used, defined as the ratio 
between the magnitude of the electric field resulting onto the rectifying device and the magnitude of the electric field 
of the incoming radiation. 
This work is organized as follows. In section 2, the structure of the detector is presented and its principle of 
operation is discussed. A possible realization of the rectenna is then briefly described. In sections 3, results from EM 
numerical simulations are reported. Conclusions follow in section 4. 
2. Rectenna geometry and principle of work 
In Fig. 1 the structure of the rectenna and its connection with the photodetector is presented. The structure is 
designed as a combination of an antenna fabricated on the surface of the chip with a rectifying junction capable to 
produces the direct conversion of terahertz electromagnetic field into DC current[4]. Different semiconductor 
devices can be used for this purpose, e.g. Schottky diodes, MIM diodes, low barriers junctions. Nevertheless, the 
necessity to adopt an approach as close as possible to the CMOS technology induces to use a 
metal/oxide/semiconductor (MIS) structure as it may take the advantage of gate oxide already present in the detector 
structure. The rectifying structure presented here is realized by a MIS junction formed by the metal of the whisker, 
the surface oxide layer and by the semiconductor storage well.The overall behavior of the rectenna in the detection 
process can be described as follows: once the electromagnetic wave is coupled to the helical structure of the 
antenna, the presence of the whisker gives rise to the focusing of the antenna current onto a very small whisker base 
at the semiconductor interface. At the metal/oxide interface the conduction current becomes displacement current. 
The higher the FE value, the larger is the electric field variations induced on the MIS structure. The depletion of the 
energy band diagram of the oxide gives rise to the tunnel conduction, permitting the rectification and a charge 
accumulation process. The rectifying effect can be obtained by the use of crested barriers, where the barrier shaping 
may be achieved with the addition of AlOx layer on the top of the SiO2 gate oxide [5]. The charge storage well (SW) 
underneath the oxide presents a relatively large capacitance that is adopted to performthe time integration. 
The tapered conical helix monopole for THz applications is described in detail in previous work [6]. 
As shown in Fig. 1(b), the metallic nano-whisker is realized within a thick dielectric layer, deposited on the 
semiconductor back end. The dielectric is necessary to decouple capacitively the antenna pad from the substrate. 
The thickness of the layer may vary, depending mainly on limits of the chosen fabrication technology. Here we 
assume it to be comparable to the total thickness of back end intermetal dielectric stack and equal to 1μm. The 
whisker is assumed to cross the dielectric layer and to touch the gate oxide at the semiconductor surface. The 
whisker height, HW, is defined by the thickness of the abovementioned dielectric layer, and its radius is denoted as 
RW. On the top of the whisker, a square metallic pad is deposited, in order to ensure the electrical connection of the 
whisker to the antenna arm. 
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The helical truncated monopole antenna can be realized on the surface of the chip by means of a dedicated 
MEMS technologyCMRL based on the photolithography, the porous-silicon sacrificial layer deposition and standard 
bonding process. The detailed description of CMRL technology can be found elsewhere[3]. A pad of a metallic 
planar spiral lithographically defined in a porous silicon (pSi) layer in sacrificial substrate is bonded to the silicon 
substrate hosting the readout electronics, and a pulling process is performed in order to break the metal/pSi interface 
and to release the metallic wire, providing to the antenna its final shape. Once the desired separation between anchor 
points is reached, a polymer is injected in the cavity between the two substrates in order to confer to the antenna a 
mechanical stability. After the polymer cures the host substrate is removed by a combination of lapping and 
chemical mechanical polishing. Finally, a thin layer of conducting material transparent to THz must be deposited on 
the top of the polymer and in contact with the antenna edge. Its presence is necessary to ensure the grounding of the 
structure, the condition that provides electrons to be injected into the storage well. An example of an antenna 
prototype fabricated with the described method is presented in Fig. 2. 
3. Field Enhancement Simulation 
Numerical electromagnetic simulations of the antenna structure were performed by FDTD (finite-difference 
time-domain) solver of full-wave commercial tool CST Microwave Studio.  
We refer to the simulation setup described in this section as to reception mode analysis, since it reproduces the 
electromagnetic situation that takes places when the plane wave impinges to the structure. With this setup, a 
monochromatic plane wave at frequency of 1THz with right-hand circular polarization and unitary amplitude 
Ei=1V/m reaches the antenna. In the numerical analysis, the monopole is suited on a finite square ground plane with 
the lateral dimension of 1mm. The silicon substrate representing CMOS wafer is substituted with a metallic ground 
 
 
 
Fig. 2. Prototype of an antenna fabricated with the CMRL technology. 
 
 
Fig. 1. (a) The rectenna geometry; (b) schematic front view of the antenna pad and of the metallic whisker 
facing the storage well. 
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plane separated from the whisker by a thin dielectric layer, thickness TD=10nm, with the dielectric constant of 
silicon, HSi= 11.9. This approximation is justified by the high substrate conductivity. In fact, typical doping 
concentrations used on standard CMOS technology lead to silicon wafer resistivity varying between 0.01Ω×cm and 
10Ω×cm, that is sufficient to ensure a good grounding condition for the antenna under investigation. 
Numerical results were obtained for 3-turn tapered helix antenna with DWIRE=2μm and SP=8μm. DEXT and SZ are 
fixed to values of 95.5μm and 50μm, respectively. The total height of the antenna HANT is equal to 150μm for the 
chosen value of SZ.As a result of reception mode simulation, the maximum intensity of the electric field in the gap 
between the base of the whisker and the ground plane, Em, is derived. Accordingly to the definition, the ratio 
between Em and Ei describes the behavior of FE, and its values for different values of whisker radius and height are 
reported in Fig. 3. 
The dependence of FE on whisker radius was been studied previously [6], and it shows a relevant increase of FE 
with the reduction of RW. Saturation occurs at a very high value of FE, around 26.000, that dramatically exceeds 
values that can be found in literature. A further increment of FE can be obtained for greater values of whisker height. 
In Fig. 3, the dependence of FE on the whisker height for different values of RW is presented. All reported 
dimensions of RW and HW are easily realizable in CMOS technology. 
 
4. Conclusions 
A new structure of a pixel for THz imaging applications has been presented. Electric field enhancement factor of 
the rectenna as high as 42.000 has been obtained, that is, for authors knowledge, at least one order of magnitude 
higher than values previously reported in literature. An accurate study shows that for the structure under 
investigation antenna input impedance is a main limiting parameter for a further FE increase.  
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Fig. 3. Simulated  electric field enhancement in a 3D helix antenna: RWt=100nm (red-cirlce continuous trace), 
RWt=300nm (blue-square dashed trace), RWt=800nm (green-cross dotted trace).  
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